ABSTRACT: The cycloaddition of CO 2 into epoxides catalyzed by imidazolium and related salts continues to attract attention due to the industrial importance of the cyclic carbonate products. The mechanism of the imidazolium-catalyzed transformation has been proposed to require the participation of the acidic C2 proton. However, other simple salts without acidic protons, such as N,N,N,N-tetrabutylammonium chloride, are also efficient catalysts for the reaction. Hence, we decided to investigate the role of the ring protons of imidazolium salts in this reaction. To this end, we systematically studied the catalytic activity of a series of methylsubstituted imidazolium cations, in the presence of various halide anions, both by experiment and in silico. Our results demonstrate that, while stabilization of intermediates by C2, C4, or C5 protons in imidazolium salts takes place, it is the nucleophilicity of the anion that governs the overall activity, which is intimately related to the strength of the interactions between the cation and anion. Consequently, the reactivity of the halide anion strongly depends on the nature of the cation and cosolvents. This study completes the (known) mechanism and should facilitate the development of highly efficient catalysts.
■ INTRODUCTION
Anthropogenic emissions of CO 2 have led to ever-increasing concentrations of CO 2 in the atmosphere, resulting in global warming. 1 With the increasing abundance of this waste gas, in combination with its low cost and toxicity, CO 2 is increasingly being regarded as a useful C1 source. In this respect, CO 2 transformations into various compounds has been proposed. 2 Notable examples of such transformations include direct reduction of CO 2 into potential fuels such as CH 4 , 3 CH 3 OH, 4, 5 and formic acid 6 and in the synthesis of ureas, 2 quinazoline-2,4-(1H,3H)-diones, 7 lactams, 8 cyclic carbonates, 9 and others. The preparation of cyclic carbonates from CO 2 and epoxides (the CCE reaction; Scheme 1) has attracted considerable attention due to the importance of the target products. 10, 11 The CCE reaction is 100% atom efficient and is often conducted under solvent-free conditions, further highlighting its green metrics. 12, 13 For all these reasons, numerous classes of catalysts have been designed and evaluated. 14−21 A potent class of organocatalysts for the CCE reaction comprises organic salts with a halide anion. 22−24 Various cations have been successfully employed, with tetraalkylammonium salts and imidazolium salts predominant. 25, 26 In the case of imidazolium salts, the transformation was proposed to take place in three steps: (i) ring opening of the epoxide by the nucleophilic anion of the salt, (ii) insertion of CO 2 into the C2-proton-stabilized alkoxide, and (iii) release of the anion via an intramolecular S N 2 reaction (Scheme 2). 27 The C2 proton of the imidazolium ring is considered key due to favorable Hbonding interactions with the substrate as well as the alkoxide transition state, 28 and both DFT and experimental data have been used to highlight its importance. 27, 29 For example, it was shown that H-bonding could activate the epoxide and decrease the energy barrier of the ring-opening step. 27 Most studies, however, overlook the acidity of the C4 and C5 protons of the imidazolium ring, despite their acidity being comparable to that of the C2 proton. 30 Furthermore, when the C2 position is blocked, the halide strongly interacts with the C4 proton in the solid state, 31 which could affect the ability of the anion to open the epoxide ring. Moreover, tetraalkylammonium, phosphonium, and pyrrolidinium salts do not possess acidic protons capable of forming pronounced H bonds with the epoxide substrate or the alkoxide transition state, and yet they are potent catalysts for the transformation. 25 Unfortunately, direct comparison between catalysts is hindered by the lack of benchmark conditions 32 and, since almost every study is "unique", it is difficult to assess whether true progress has been made. Catalyst development is then frequently dependent on quantum calculations, which are often difficult to verify experimentally due to the poor solubility of many of these salts, leading to pseudoheterogeneous conditions. 33 Hence, we decided to systematically investigate and clarify the role of the acidic C2, C4, and C5 protons of the imidazolium ring, evaluate the influence of the cation on the counteranion, and establish the key differences between the imidazolium-and ammonium-catalyzed reactions under homogeneous (standardized) reaction conditions. For this purpose, we prepared a series of imidazolium salts with varying numbers of ring substituents and different halide counterions and evaluated them in the CCE reaction using epichlorohydrin as the substrate (Figure 1 and Table S1 ). The activity of these catalysts was compared to that of tetra-n-butylammonium halides, and key aspects of the transformation were elucidated with the aid of DFT calculations.
■ RESULTS AND DISCUSSION
The salt catalysts, 1X−4X ( Figure 1 ) were evaluated under a kinetic regime (i.e., to allow a comparison of the yields at moderate conversions) in the cycloaddition reaction between epichlorohydrin and CO 2 at atmospheric pressure without a cosolvent ( Table 1 ). Note that a similar analysis is not possible with propylene oxide (the most widely used epoxide) at atmospheric pressure, as the catalysts are not completely soluble in the substrate, which appears to be frequently overlooked in the literature. Under these standardized reaction conditions, the most common imidazolium salt, [BMIm]Cl (1Cl), gave the product in a 52% yield (Table 1, entry 1). Methylation of the C2 position, i.e. catalyst 2Cl, resulted in a slightly lower yield of 49% (Table 1 , entry 2) in comparison to that obtained with 1Cl as previously reported, 34 indicating that the H-bonding between the epoxide ring or the reaction intermediates with the C2 proton could play a role in the reaction. The relatively small difference between 1Cl and 2Cl could possibly be attributed to the H-bonding ability of 2Cl via its C4 and C5 protons. However, the fully substituted imidazolium salt 3Cl, which cannot form strong H bonds at any position, resulted in a yield comparable to that of 1Cl of 51% (Table 1, entry 3 ). In addition, N,N,N,N-tetrabutylammonium chloride (4Cl) is even more active than 1Cl, giving the product in 56% yield (Table 1 , entry 4). These results rule out the possibility that a carbene, formed via the deprotonation of the C2 proton or the more rare C4 or C5 35 position of the imidazolium ring by the alkoxide intermediate (Scheme 2, step i), is the key active catalytic species. 28, 34 In addition, H-bonding does not appear to be crucial for the catalysis either, as the yields are comparable for all of the imidazolium salts and the tetrabutylammonium catalyst (52%, 49%, 51%, and 56% for 1Cl−4Cl, respectively), irrespective of whether they can form H bonds or not. Although the experimental results suggests that H-bonding via the ring protons does not play a vital role in the reaction, the substantial computational evidence that suggests otherwise cannot be disregarded, especially with respect to the ratelimiting epoxide ring opening step (Scheme 2, step i). 29, 36 Note that, when additional or external H bond donors are present, computational findings suggest that the rate-determining step can be, but is not limited to, epoxide ring opening. 37, 38 Hence, we decided to perform calculations on the energy barrier for the epoxide ring opening with the three imidazolium catalysts 1Cl− 3Cl. In addition, we expanded these calculations to include the possibility of the epoxide ring opening via participation of the C4 and C5 protons, which were previously not considered. 27, 29, 34, 39, 40 The strengths of C2H···O, C4H···O, and C5H···O H bonds in imidazolium ILs are quite similar, 30 and our DFT computations on the stabilization of the alkoxide show that an energy barrier for the ring-opening step via participation of the C4 proton (27.3 kcal mol Figure 2 ) is only marginally higher than the barrier for that of the C2 proton participation (25.9 kcal mol −1 , Figure S1 ). The calculations for the ring-opening step with the fully substituted imidazolium cation 3Cl, which does not contain a strong Hbonding donor, give an energy barrier of 23.0 kcal mol
, even lower than that of 1Cl or 2Cl ( Figure S2) . Moreover, the enthalpies (−ΔH HB ) of nonconventional CH···O H bonds with the epoxide, estimated using literature approaches, 30 are quite small relative to typical conventional OH···O H bonds: compare −ΔH HB (C5H···O) ≈ 1.2 kcal mol −1 for structure a (Figure 2 ) vs −ΔH HB (OH···O) ≈ 4.2 kcal mol −1 for the gasphase H-bonded complex of the epoxide with methanol. These results indicate that even if H bonds are able to activate epoxides toward ring opening, they do not play a key role in the ring opening of the epoxide, and that another underlying feature or a combination of features of the catalyst must control the observed reaction rate. Note that an ethyl group was used for the calculations instead of a butyl group (Figure 2, 3Cl) , as it was previously demonstrated that the side chain does not affect the computational results in the gas phase. 27 However, experimentally smaller alkyl chains reduce the solubility of the catalyst in the epoxide, leading to lower yields. 41 The role of the imidazolium ring protons has only been associated with the activation of the epoxide via H-bonding. However, they may also interact with the anion of the salt, leading to a reduction in the nucleophilicity of the anion and its ability to open the epoxide ring. To understand the relationship between cation−anion interactions in the CCE reaction, the effect of the halide anion was also investigated using the salts 1X, 2X, 3X, and 4X (where X = Cl , which is attributed to the nucleophilic character of the anion under the catalytic conditions. Interestingly, for 1X, containing three acidic protons, the order is I − > Br − ≈ Cl − (62, 53, and 52%, respectively; Table 1 , entries 1, 7, and 13). For 2X, with a methyl group at the C2 position, the trend differs, with the chloride salt being more active than the bromide salt: i.e., I
− ≈ Cl − > Br − (50, 49 and 46%, respectively, 45 ,and 36%, respectively), which concurs with a previous study. 42 To rationalize the trends observed for the different catalysts with various halide anions, DFT calculations were performed and experiments were conducted with water added to the reaction (employed as H-bond promoter). In order to quantify the nucleophilicity of the anion using DFT calculations, we employed a probe molecule, MeOH, and calculated the length of the H bond between the anion of the catalyst with the probe. As expected, the computations demonstrate that the Cl − anion of the 3Cl ion pair forms a shorter (i.e., stronger) H bond with MeOH in comparison to the Cl − anion of the 1Cl ion pair (2.050 Å vs 2.108 Å, respectively). Thus, the ability of the anion in 3Cl to donate its lone pair to the hydrogen atom of the −OH group is stronger than that of the same anion in 1Cl. Most probably, the same is the case with respect to the relative capacity of the anions in 3Cl and 1Cl to donate their lone pairs to the carbon atom of the epoxide ring, indicating that H bonds are potentially detrimental to the reaction and that 3Cl should be a better catalyst than 1Cl. However, experimentally, this is not the case, as both 1Cl and 3Cl demonstrated practically equivalent activity.
The addition of water as an external H-bond source was previously demonstrated to promote the CCE reaction when it was employed in ca. 30 mol % amount, regardless of the cation−anion combination in the 1X and 4X catalyst series. However, higher concentrations (100 mol % and above) are detrimental to the reaction and lead to unwanted side reactions. 43 We therefore decided to test the effect of a catalytic quantity of water (i.e., 5 mol %, the same concentration as the catalyst) as an external H-bond donor and its effect on the reaction to further probe the H-bond interactions between the epoxide, the halide anion, and the Hbond donor (water and/or the acidic protons in the imidazolium cation). Catalytic quantities of water (5 mol %) were added to the reactions employing the series of 1X and 4X halide catalysts (Table S2 ). The trend for the imidazolium salts 1X remained largely unchanged, with only a slight increase in yield obtained with 1Br (from 53% to 57%) and 1I (from 62% to 65%) and a slight decrease with 1Cl (from 52% to 46%). However, the order for the ammonium salt series 4X was reversed in the presence of 5 mol % water, with the order being 4I > 4Br > 4Cl. The yield also increases significantly with 4I from 36% in the absence of water to 68% with 5 mol % of water present (Table 1, entry 12, and Table S2 , entry 6). A higher yield was also obtained with 4Br in the presence of 5 mol % of water (from 45 to 59%), whereas a slight detrimental effect was observed with the catalyst 4Cl (from 56 to 50%).
The difference in the magnitude of the change in the yield when water is present between the catalysts may be attributed to the different H-bonding strengths of the cation and solvation of the anion. With the tetrabutylammonium cation, which cannot form a H-bond with the substrate, the effect of the addition of water, which can form a H-bond with the substrate, is much more profound. With the imidazolium cation the effect of water is counterbalanced by the acidic ring protons on the cation. Additionally, the solvation enthalpy of the halide by water is important and follows the order chloride > bromide > iodide. Thus, the nucleophilicity of the anions is reduced, as discussed above, resulting in a decrease in reaction rate for all catalysts, with the effect being most pronounced for the chloride anion. The overall catalytic activity is therefore dependent on the balance between the nucleophilicity of the anion, which is reduced following solvation by water, 44 and the H-bond-induced activation of the epoxide ring, which promotes the reaction. Hence, the highest yields are obtained with iodide anions in the presence of H-bonding donors, as iodide is least strongly solvated by water and benefits the most from H-bondinduced epoxide activation. 36 In summary, we have demonstrated that methyl groups on the cation of simple imidazolium salts do not significantly affect the efficacy of the CCE reaction. When acidic protons are present in the imidazolium ring of the cation (C2, C4, C5, or a combination thereof), the acidic protons simultaneously activate the epoxide (as demonstrated previously) 34 but interact with the halide ion to reduce its nucleophilicity (as we have shown here). In the absence of acidic protons (3X and 4X), the epoxide is presumably less well activated but the nucleophilicity of the halide is higher due to weaker cation−anion pairing, leading to higher activities, and the preferred anion is strongly cation dependent. The experimental data demonstrate that higher nucleophilicity (i.e. lower interactions between the anion and the cation) governs the activity of the catalyst. When Hbonding interactions between the cation and substrate are available, they are mostly counterbalanced by a decrease in nucleophilicity of the anion in the case of Cl − and Br − (both of which can interact with the H-bond donor). External H-bond donors can be used if they do not interact negatively with the anion (Cl − is deactivated by water, as it is strongly solvated and therefore is less nucleophilic) and if they do not hinder the overall solubility of the catalyst into the epoxide. To confirm our hypotheses, we predicted the relative activity of three closely related catalysts, i.e. N,N,N-triethyl-N-hydroxyethylammonium iodide > N,N,N-triethyl-N-hydroxyethylammonium bromide 45 > 1-hydroxyethyl-3-methylimidazolium chloride. 46 Under the conditions described herein, the product yields for the three catalysts are 69, 55, and 31%, respectively, thus confirming our prediction (Table S3 ). Further catalyst development should therefore strive to increase the nucleophilicity of the anion by minimizing ionpairing interactions (e.g., having a buried or highly delocalized charge) 47, 48 as well as ensuring that the cation ensures high solubility of the salt in the epoxide (e.g., inclusion of hydrophobic groups), rather than incorporating additional Hbond donors, which has been the most widely employed strategy so far and usually leads to an overall lower solubility of the catalyst. Finally, this study also demonstrates that one of the first ILs reported to catalyze the CCE reaction is considerably more active than previously thought when it is applied under homogeneous conditions (i.e., with epichlorohydrin rather than propylene oxide), thus highlighting the need for benchmark conditions for the CCE reaction. 22 
